[1] We obtained a 2D crustal model beneath central Chile and western Argentina using apparent Pn phase velocities recorded along an EW trending transect at 30°S. This model is characterized by a thick (65 km) crustal root beneath the High Cordillera, a 60 km thick crust beneath the Precordillera, and a gradual shallowing of Moho depths beneath the Sierras Pampeanas from 55 km in the west to 40 km in the east. Beneath the Sierras Pampeanas, where very little crustal shortening is observed, the thick crust must be explained by means other than simple tectonic shortening. Isostatically balanced crustal thickness is consistently shallower than our model shows, suggesting the existence of dynamic forces possibly linked to the flat slab.
Introduction
[2] The tectonic evolution of the south-central Andes in central Chile and western Argentina at around 30°S is the result of a complex interaction between the South American plate and the segment of the Nazca Plate that carries the Juan Fernandez Ridge. The orogenic system as a whole started to form much earlier, but major present day regional structures acquired their present configuration predominantly since the Miocene [Ramos et al., 2002] . Volcanic arc activity between 29°-30.5°coincided with the High Cordillera until $11 Ma ago, after which magmatism migrated over 500 km eastward shutting off completely around 5 Ma. This is consistent with a coeval gradual shallowing of the subducting slab [Kay et al., 1988] . Overall, 150 -170 km of crustal shortening in the upper crust has been documented to be accommodated almost exclusively by thin-skinned fold and thrust belts in the High Cordillera and Precordillera [Allmendinger et al., 1990] . Further east, thick-skinned basement cored uplift in the 400 km wide Sierras Pampeanas was possibly triggered by the flattening of the slab during the last 5 -7 Ma [Ramos et al., 2002] . A causal dependence of the flattening of the slab and the subduction of the Juan Fernandez Ridge at these latitudes around 12 Ma ago has been proposed by several authors [Gutscher et al., 2000; Yañez et al., 2002] . Moreover, the colder mantle wedge associated with the thermal shielding of the flat slab might dynamically link the subducting and overriding plates [Gutscher et al., 2000] .
[3] In this context, the shape of the Moho and the absolute crustal thickness provide important constraints on the tectonic evolution of the region. Allmendinger et al. [1990] used balanced cross sections to estimate crustal thickening caused by crustal shortening and proposed a model with maximum Moho depths of $60 km beneath the High Cordillera. Regnier et al. [1994] used local slab events to record S to P converted phases at the Moho, obtaining similar maximum crustal thicknesses near the Sierra Pie de Palo located about 100 km south of the Bermejo Valley. Recent modeling of gravimetric data in the Bermejo basin suggests a maximum crustal thickness of 45 -60 km [Gimenez et al., 2000] . Surface mapping in combination with some limited deep seismic reflection data indicates the presence of mid crustal fault systems [Allmendinger et al., 1990; Ramos et al., 2002] , which show a possible connection between shallow and deep deformation. However, the detailed mechanisms that relate shallow crustal deformation to deep crustal thickening in the Sierras Pampeanas are still poorly understood. In this paper, we use apparent Pn phase velocities to construct a 2D crustal model in the vicinity of 30°S, thereby constraining the crustal thickness in this tectonically complex region. Figure 1a ). Seismic waves generated by off-shore crustal earthquakes west of the profile were recorded at distances ranging from 100 -700 km. For this distance range, the first arrival generally corresponds to the head wave traveling along the Moho discontinuity (Pn waves). In total, 9 crustal events were large enough for the first arrival to be picked on most of the stations (Figure 1a) . Unfortunately, no crustal events of sufficient magnitude east of the profile could be identified to record rays traveling in the reverse direction.
Data and Methodology
[5] Baumont et al. [2001] successfully determined crustal thicknesses beneath the Bolivian Altiplano using absolute Pn travel times of one event recorded at a dense station profile. However, the much lower station density available for this study imposes the need to use several events, which makes it difficult to use absolute travel times due to uncertainties in the hypocenter locations and near source structural complexities. Therefore, apparent phase velocities, defined as the ratio between the travel time and horizontal distance, will be used to partially overcome these problems. For two stations aligned along a single profile, the differential or interstation apparent phase velocity c is defined as
where t and x are the travel times and epicentral distances at two consecutive stations i and i + 1, respectively, along the profile. Because Pn waves share a similar travel path until the point where the ray re-emerges into the crust, c is independent (at least to first order) of errors in the hypocentral location, origin times and velocity structure close to the source. Moreover, variations in c along the profile primarily reflect changes of crustal thickness (and therefore the dipping of the Moho) and changes of velocities in the crust and underlaying mantle. Because the actual observed apparent phase velocity will represent an integrated effect along the ray path, the observations are arbitrarily but conveniently considered to be representative of the midpoint between the two consecutive stations. For modeling purposes, lateral crustal heterogeneity along the profile is ignored, thereby limiting the variations to changes in crustal thickness. Using multiple events, more than one phase velocity observation can be computed for each station pair or midpoint. The average crustal phase velocity and standard deviation are computed for each midpoint for all the observations. It can be shown that for a profile along which the Moho interface has a change of its dip, the apparent phase velocities are dependent on the absolute thickness of the crust. The reason for this is that the time each crustal ray leg spends in the crust depends on the angle of dip of the Moho at the point the ray reenters the crust. As long as the dip of the interface changes along the profile, each crustal ray samples the crust at different angles making [Allmendinger et al., 1990] and [Ramos et al., 2002] . The seismic stations are plotted as triangles, the events as stars and the profile corresponds to the thick gray line. B) Cross section showing the Moho (thick gray line) and the slab (thick black line) given by [Cahill and Isacks, 1992] . Dashed lines correspond to isostatic crustal thicknesses without (long dashed) and with (short dashed) lateral density variations in the slab. P-wave velocities and densities of the crust, mantle and slab are given in the boxes. C) Apparent interstation phase velocities along the profile defined in A). Black line corresponds to observed phase velocities, gray line to synthetic values given by our preferred model in B) and the dashed line to the isostatic crustal model without the slab (long dashed line in B).
the phase velocities sensitive to absolute crustal thicknesses. This was confirmed by the sensitivity analysis presented below.
[6] Our next step is to find a crustal model which best fits the observed apparent phase velocities. The forward model is solved using the 2D ray tracer RayInvr [Zelt and Forsyth, 1994] , which can explicitly account for head waves and arbitrary interface geometries. To restrict the number of unknown parameters, we assume homogeneous crustal (v c ) and mantle (v m ) velocities, and local Moho depths at 8 points along the profile, defining a total of 10 free parameters. The first stage of the inversion consists of using a trial and error approach to find a velocity structure that approximates the observed phase velocities along the profile. Phase velocities were computed for each midpoint using equation (1), and averaged for all the events. The misfit is defined as the RMS value between observed and calculated apparent phase velocities. To avoid any bias caused by our choice of the initial model, we use our preliminary model as a reference and compute 2000 randomly perturbed models and compare them to the observations. We chose as the best model the one with the smallest RMS value. To refine the search interval in model space, the random search was split into two stages. Table 1 lists the intervals the parameters were allowed to vary for each stage. After the first 1000 models, the best model was chosen as a new reference and another 1000 models were tested.
Results
[7] Observed apparent phase velocities (Figure 1c ) are relatively small beneath the High Cordillera ($6.0 -7.0 km/s), and increase towards the east under the Precordillera ($8.0 km/s). Further east, under the Sierras Pampeanas, apparent phase velocities gradually increase, reaching a maximum velocity of 8.5 km/s between stations LLAN and PICH. This velocity structure indicates a thick crustal root beneath the high Andes and a westward dipping Moho under the Precordillera and Sierras Pampeanas. Our preferred model obtained with the inversion outlined in the previous section is shown in Figure 1b . The crust reaches a maximum thickness of 65 km under the High Cordillera and gradually decreases towards the east, where a crustal thickness of 36 km is indicated beneath station PICH. This crustal model coincides well with a converter obtained by receiver function analysis along the profile [Gilbert et al., 2003] .
Sensitivity Analysis
[8] It is important to address the uniqueness and robustness of this solution. To assess the sensitivity and tradeoffs between different parameters, the subset of the model space defined in stage 2 (Table 1) was discretized and the RMS values were plotted for different combinations of crustal/ mantle velocities and maximum crustal thicknesses (Figure 2 ). The best model with the lowest misfit was found to have a mantle velocity v m = 8.10 km/s, crustal velocity v c = 6.0 km/s, and a maximum crustal thickness of 60-65 km. Considering the broad minimum of the misfit surface (right column in Figure 2 ), crustal velocity and maximum thickness are only weakly constrained. Maximum thickness variation measures the vertical offset of the whole profile. The absolute thicknesses for any other point along the profile could have been used equivalently.
[9] To estimate the uniqueness of the solution, uncertainties of the model parameters were mapped into phase velocity space, by computing 2000 synthetic apparent phase velocity profiles. We allowed random perturbations of our preferred model of ±0.2 km/s in crustal velocity, ±0.1 km/s in mantle velocity and ±5 km in Moho depth. With this set of synthetic phase velocities, a distribution of theoretical apparent phase velocities for each mid-point along the profile can be constructed and the interval containing 66% of the samples determined. This interval (corresponding to the synthetic error bars in Figure 1b ) are compared to the standard deviation of the observations. In general, a good fit between the synthetic and observed phase velocities and their respective errors can be observed.
Isostatic Crustal Thickness
[10] We compare our seismically obtained crustal model to an isostatically compensated crustal thickness model. This model consists of Moho depths computed as a function of topographic elevations, where local isostatic compensation without flexural support is assumed and a range of realistic crustal, mantle and slab densities were tested. The reference model was assumed to be beneath station PICH (crustal thickness of 36 km). The resulting crustal thickness dictated by isostacy is consistently thinner (up to 20 km) than our model beneath the Precordillera and western Sierras Pampeanas. We could match the isostatic and seismically determined crust by considering a heavier slab with a laterally varying average density corresponding to 3.5 g/cm 3 beneath the high Cordillera in the flat segment of the slab and 3.3 g/cm 3 beneath the eastern Sierras Pampeanas where the slab resumes its normal dip (Figure 1a) . However, these densities are generally too high for a buoyant flat slab to exist [van Hunen et al., 2002] and are inconsistent with the expected basalt to eclogite transition in the oceanic crust as the plate subducts towards the east [Hacker, 1996] . A similar test shows that a heavier crustal model with average densities of over 2.9 g/cm 3 in the western Sierras Pampeanas and 2.7 g/cm 3 elsewhere could compensate the observed mass deficit. Gimenez et al.
[2000] obtained similar crustal thicknesses modeling the regional Bouguer anomaly in the Bermejo basin in the westernmost Sierras Pampeanas (Figure 1a ). However, their average density of 2.77 g/cm 3 is too low compared to the more than 2.9 g/cm 3 required to explain the observed mass deficit. Finally, considering a heterogeneous mantle wedge ($35-45 km) requires unrealistically large density variations, rendering the mantle as an unlikely source to explain the observed anomaly.
Discussion and Conclusions
[11] Using apparent Pn phase velocities to determine crustal thicknesses is shown to be a reliable method. The method allows the estimation of uncertainties and tradeoffs between different parameters of the model. The computed P-wave average crustal velocity of 6.0 km/s is relatively slow compared to the global average, but is consistent with other observations in the central Andes [e.g., Swenson et al., 2000] . Besides, higher velocities would require even larger crustal thicknesses to explain the same observed anomalies.
[12] A maximum crustal thickness of 65 km beneath the High Cordillera and $60 km in the Precordillera is consistent with a crustal model obtained by balanced cross sections [Allmendinger et al., 1990] . Further east, where only minor crustal shortening has been observed in the Sierras Pampeanas, the abnormally thick crust of 45 -55 km that we measured must be explained by other processes.
[13] The observed discrepancy between the seismically determined Moho depths and an isostatically compensated model might be explained by a specific combination of crustal, mantle and slab densities. However, since we do not have good constraints on lateral density variations on a regional scale, we tested a suit of simple density distributions in the crust, mantle and slab. As discussed above, these heavier density profiles are an unlikely source since the required density anomalies are unrealistic or inconsistent with expected values. Consequently, it may be necessary to explain the low elevations associated with the anomalously thick crust in the western Sierras Pampeanas by dynamic effects related to the subducting flat slab.
